ABSTRACT
Analysis of poly(ethylene glycol)(PEG)-containing particles by online single particle aerosol mass spectrometers equipped with laser desorption ionization (LDI) is reported. We demonstrate that PEG-containing particles are useful in the development of aerosol mass spectrometers because of their ease of preparation, low cost, and inherently recognizable mass spectra. Solutions containing millimolar quantities of PEGs were nebulized and, after drying, the resultant micrometer-sized PEG containing particles were sampled. LDI (266 nm) of particles containing NaCl and PEG molecules of average molecular weight <500 generated mass spectra reminiscent of mass spectra of PEG collected by other MS schemes including the characteristic distribution of positive ions (Na + adducts) separated by the 44 Da of the ethylene oxide units separating each degree of polymerization. PEGs of average molecular weight >500 were detected from particles that also contained the tripeptide tyrosinetyrosine-tyrosine or 2,5-dihydroxybenzoic acid, which were added to nebulized solutions to act as matrices to assist LDI using pulsed 266 nm and 355 nm lasers, respectively. Experiments were performed on two aerosol mass spectrometers, one reflectron and one linear, that each utilize two time-of-flight mass analyzers to detect positive and negative ions created from a single particle. PEG-containing particles are currently being employed in the optimization of our bioaerosol mass spectrometers for the application of measurements of complex biological samples, including human effluents, and we recommend that the same strategies will be of great utility to the development of any online aerosol LDI mass spectrometer platform.
Aerosol mass spectrometry has applications from the analysis of environmental particles [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] to rapid detection of airborne microorganisms [13] [14] [15] [16] [17] [18] [19] [20] [21] and is well-represented by a suite of different particle sampling, ionization, and mass spectrometer strategies. 5, 7, 22 Recently, aerosol mass spectrometers implementing matrix-assisted laser desorption/ionization (MALDI), more common to biomolecule analyses for proteomic applications, have facilitated the detection of larger molecular weight labile molecules such as peptides and proteins contained in aerosol particles.
Aerosol particles containing MALDI matrix are created through an online coating process 15, 23 or by nebulizing a solution containing the analyte and a MALDI matrix. [24] [25] [26] [27] [28] The latter approach has proven highly sensitive, as evidenced by the detection of ~14 zeptomole of a 1 kDa peptide in a single micrometer-sized aerosol particle. 29 The high sensitivity attained by this methodology and previous approaches utilizing micrometer-sized MALDI samples [30] [31] [32] [33] [34] [35] suggests MALDI mass spectrometers designed to handle smaller quantities of sample material could result in further gains in sensitivity for biomolecules. Coupled with sample preparation methods capable of creating and manipulating small volumes of sample material, such technology holds great potential for analysis of precious biological sample materials.
We are developing real-time single particle bioaerosol mass spectrometry (BAMS) instruments for applications in national security including rapid airborne microorganism detection, health and environmental monitoring. 16-19, 21, 29, 36-38 Current instruments are equipped with combinations of multiple particle tracking lasers and separate TOF mass analyzers (either two linear or two reflectron) for detection of positive and negative polarity ions created from each single particle. Single particles drawn into the system are sequentially classified based on their aerodynamic diameter and the positive or negative ions detected (primarily in the range m/z = 350) have proven very successful for the discrimination of single airborne bacteria from complex environmental aerosol samples. 18 We are now exploring the application of BAMS to the analysis of complex biological samples such as lung surfactant. 39 In this application, it is desirable to achieve high resolution and mass accuracy at m/z > 350 in order to detect ion signals from intact biomolecules such as lipids, peptides and proteins. Compared to fixed-target MALDI-MS instruments where additional sample is typically available by just moving to a new spot, online aerosol instruments suffer from the limitation of having just a single shot to hit a given particle. Even if the particle is "hit" there is such a small amount of material in the micrometer-sized particle that it is often difficult to detect the low absolute number of higher molecular weight ions produced. Thus, to facilitate mass spectrometer optimization for this application, standard particles that generate easily recognizable mass spectra containing ions with m/z > 350 and provide satisfactory particle-to-particle reproducibility are required. Here, solutions containing variations of a polymer commonly employed in the development and calibration of many other types of mass spectrometers, poly(ethylene glycol) (PEG), [40] [41] [42] [43] [44] [45] [46] were studied on two aerosol mass spectrometers. The utility of PEG for the development of aerosol mass spectrometers is demonstrated with a flexible strategy to create PEG-containing particles that produce negative ions to m/z = 1500 and positive ions to m/z = 4500. It is envisioned that these PEG-containing particles will be useful in the development of any LDIequipped aerosol mass spectrometers because of their ease of preparation, low cost, and inherently recognizable mass spectra.
EXPERIMENTAL Aerosol Generation
Poly ( PEG by mole fraction after the water evaporated. PEG-containing particles are sampled into the mass spectrometers through copper or conductive silicone tubing.
Aerosol particle aerodynamic diameter is determined from online measurement of terminal velocity calibrated with standard polystyrene latex particles.
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Mass Spectrometry
Experiments were performed on two single particle aerosol MS instruments, 
RESULTS AND DISCUSSION
Mass Spectra of PEG-containing Particles
Although poly(ethylene glycol) (PEG) has been studied using many types of mass spectrometers, this is the first report of its use in single particle aerosol mass spectrometers. Averaged mass spectra collected of the positive ions produced by laser desorption ionization of many single PEG-containing particles were consistent with mass spectra of PEGs collected by other ionization and mass spectrometry schemes, [40] [41] [42] [43] [44] [45] [46] including average mass spectra from the coupling of online aerosol MALDI-MS with gel permeation chromatography of PEGs. 47 In the case of particles containing PEG400, the adduct ions formed were dependent on the alkali metal ions present in the starting solution nebulized to create the particles (Figure 1 ). The spectra exhibited the characteristic distribution of ions associated with the different number of monomer units of the collection of molecules in the PEG sample that result from the varied degrees of polymerization (n) of the polymer. Single particle mass spectra ( Figure 1D ) usually contain ions for all values of n and ion abundance generally correlates with that observed in the averaged spectra. Occasionally no signal for some values of n is detected. For example, no signal for the ion [PEG12 +Na] + is detected in the single particle spectrum in Figure 1D .
Comparison of spectra from particles containing NaCl ( Figure 1A ) with those containing KCl ( Figure 1B) reveal the expected 16 m/z unit shift in the ion distribution due to the substitution of Na + by K + as the adduct ion. When particles are prepared from solutions containing equimolar Na + , K + and PEG400, the Na + adducts are the most intense in the LDI mass spectrum ( Figure 1C ). By comparison, MALDI-MS of PEG solutions containing DHB matrix and equimolar Na + and K + show that the PEG has a higher selectivity for K + . 48 It is possible that further study of the ions created from single particle MALDI versus LDI using this polyether-alkali metal ion adduct system may provide insights into the fundamentals of ionization [49] [50] [51] [52] of single particles relative to samples prepared by conventional methods.
The 266 nm LDI of particles created from a solution containing PEG2000 did not produce any detectable ions in the mass spectrum in the m/z range of 1500-2500
( Figure 2A ). Ions detected from particles containing PEG 1000 had signal-to-noise ratios comparable to higher values of n in the PEG 400 distribution, i.e. n = 13-15 and became negligible by m/z ~1200. This suggests that LDI of PEGS is size dependent may only be suitable to m/z ~1000. To produce higher molecular weight ions, the softer ionization method of MALDI was used. The tripeptide YYY, which absorbs at 266 nm, was added to the PEG2000/NaCl solution to act as the MALDI matrix. This resulted in particles that produced [PEG+Na] + ions to m/z ~2500 ( Figure 2B ). The successful MALDI of these PEG-based particles meant that PEG of differing average molecular weights >400 would be useful as standards for online aerosol MALDI-MS.
For example, mass spectra were collected from particles that were created from a polyethers from soft ionization sources. 41, 53 Note that PEG 3350 was also analyzed but resulted in poor signal-to-noise quality. Previous SIMION modeling of our aerosol mass spectrometers has shown that this was due to poor transmission through the reflectron of this instrument. 37 This limitation in sensitivity of the reflectron instrument has been addressed with the development of a linear TOFMS instrument.
Application to Online Aerosol MS Tuning
The [PEG n +Na] + peaks from 200-2500 m/z in average mass spectra of PEGcontaining particles have resolutions of only 100-200 (M/FWHM). In contrast, a mass spectrum from a single particle has a resolution of >1000 (compare Figure 1A and 1D ). This is a result of a fundamental difference between fixed-target MALDI mass spectrometers and aerosol mass spectrometers. Each particle in the aerosol beam can be located at any position in the laser beam focus in the ion source, ~400 um in diameter in this case, effectively changing the point source of ionization for each mass spectrum. If unaccounted for, the resultant variability of shot-to-shot mass accuracy reduces the resolution obtained in the mass spectrum of an average of many particles relative to that for a single particle. In fixed target instruments this error is greatly minimized, resulting in superior shot-to-shot mass accuracy.
The poor shot-to-shot reproducibility of aerosol instruments magnifies the Note that this instrument suffers from reduction in resolution similar to that observed for instrument 1 when single particle spectra are averaged. Optimization of the instrumental parameters is still in progress.
A PEG Derivative That Generates Positive and Negative Ion Spectra
The PEG mass spectra shown so far have focused on the positive ions because 
CONCLUSION
We have developed a strategy for creating PEG-containing particles that produce an array of reproducible and easily recognizable spectra for aerosol mass spectrometer calibration, including ions of both polarities. This low-cost strategy is currently being employed in the development of our aerosol mass spectrometers and it is envisioned that the same strategies will be useful on any aerosol mass spectrometer platform equipped with a laser desorption ion source.
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